Pro dehydrogenase (PDH) catalyzes the first and rate-limiting step in the Pro catabolic pathway. In Arabidopsis, this enzyme is encoded by At-PDH. To investigate the role of Pro catabolism in plants, we generated transgenic Arabidopsis plants with altered levels of PDH by sense (PDH-S plants) and antisense (PDH-AS plants) strategies. Free Pro levels were reduced by up to 50% in PDH-S plants under stress and recovery conditions and enhanced by a maximum of 25% in PDH-AS plants, despite large modifications of the At-PDH transcript and At-PDH protein levels. A similar trend in free Pro levels was observed in the PDH-S and PDH-AS seeds without visible effects on germination or growth. Under stress conditions, PDH transgenic plants showed no signs of change in osmotolerance. However, addition of exogenous Pro increased survival rates of salt-stressed PDH-S plants by 30%. Isotope-labeling studies showed that the conversion of [ 14 C]Pro to Glu was reduced in PDH-AS plants and increased in PDH-S plants, especially under stress conditions. Furthermore, PDH-AS plants were hypersensitive to exogenous Pro, whereas PDH-S plants were sensitive to Pro analogs. These findings demonstrate that altered At-PDH levels lead to weakly modified free Pro accumulation with a limited impact on plant development and growth, suggesting a tight control of Pro homeostasis and/or gene redundancy. ; fax 32-2-650 -5421.
Pro accumulation is a well-known response to osmotic stress in plants (Singh et al., 1972; Rhodes, 1987) . This amino acid is a compatible solute and has been proposed to stabilize subcellular structures and to scavenge free radicals (Smirnoff and Cumbes, 1989) . In plants, Pro accumulates through an increase in its synthesis concomitantly with inhibition of its catabolism (Delauney and Verma, 1993; Yoshiba et al., 1997) . Pro catabolism is capable of a high-energy output and has been proposed to donate electrons to the respiratory electron transport chain (Hare and Cress, 1997) . Each molecule of Pro, when oxidized, can yield 30 ATP equivalents (Atkinson, 1977) and has been considered a primary fuel in energyintensive processes, such as insect flight (Gade, 1992) or pollen germination (Zhang et al., 1982; Skubatz et al., 1989) . In plants, Pro catabolism may provide amino nitrogen and reducing power to cells that recover from stress (Peng et al., 1996; Verbruggen et al., 1996) . Pro is oxidized to Glu in the mitochondria (Boggess and Koeppe, 1978; Huang and Cavalieri, 1979; Elthon and Stewart, 1981) by the sequential action of Pro dehydrogenase (PDH) and pyrroline-5carboxylate (P5C) dehydrogenase.
The first plant cDNA coding for PDH was isolated in Arabidopsis (At-PDH; Kiyosue et al., 1996; Peng et al., 1996; Verbruggen et al., 1996) . Although At-PDH has been referred to as Pro oxidase, its classification as a dehydrogenase is more appropriate (N. Verbruggen, unpublished results) . At-PDH expression is down-regulated during osmotic stress, whereas Pro accumulates and is rapidly induced upon recovery (Verbruggen et al., 1996) . On the other hand, exogenous Pro, in the absence of stress, is a good inducer of At-PDH expression (Kiyosue et al., 1996; Verbruggen et al., 1996) . Furthermore, in the absence of stress, At-PDH expression seems to be correlated with free Pro content (Verbruggen et al., 1996) . Recent work on the At-PDH promoter has confirmed its negative regulation during dehydration and up-regulation during rehydration (Nakashima et al., 1998) . In addition, the At-PDH promoter is up-regulated by Pro and is developmentally regulated, being active especially in reproductive tissues such as pollen and pistils, which are rich in free Pro.
The role of Pro catabolism has been highlighted in the field of nitrogen fixation. Plants such as soybean (Glycine max) synthesize high levels of Pro in the host cells of nodules, and bacteroids are capable of high Pro-oxidizing activity, suggesting that free Pro entering the bacteroids from host cells might be an important energy source for nitrogen fixation (Kohl et al., 1988) . Nodulation tests with a bacteroid PDH-deficient mutant revealed that PDH activity is essential for nodulation efficiency. Thus, increased oxidative flux of Pro in bacteroids might provide an agronomically significant yield advantage (Straub et al., 1997) .
We have investigated the function of At-PDH in plants by analysis of transgenic Arabidopsis plants with altered At-PDH transcript levels under normal and stress conditions. Our results are analyzed and discussed in view of the results on At-PDH antisense (anti-PRODH) plants published by Nanjo et al (1999a) .
RESULTS
To engineer Arabidopsis plants with altered levels of At-PDH, the At-PDH cDNA was overexpressed in sense or antisense orientation under the control of the 35S promoter.
Selection of PDH-S Transgenic Lines with Increased

At-PDH Levels
Thirty transgenic lines transformed with the At-PDH cDNA in sense orientation (referred to as PDH-S plants) were analyzed. Screening by western analysis of PDH on total protein extracts showed a marked increase in the At-PDH protein levels in approximately 60% of the transgenic plants. Five positive lines were selected to perform a western analysis on mitochondrial extracts ( Fig. 1A) . A clear overproduction of the At-PDH protein was observed that confirmed mitochondrial targeting. At least two distinct bands at 58 kD and 55 kD (designated ␣ and ␤) were detected that were probably the premature and mature forms of At-PDH. Northern analysis revealed an increase in At-PDH transcript levels ( Fig. 1B) . Quantification of At-PDH transcript levels showed an increase of up to 15-fold, whereas the protein level was increased by 5-to 10-fold. Three lines (S8, S10, and S14) were chosen for subsequent analysis. Southern analysis of these three lines showed a single integration event (Fig. 2 ) that correlated with the 3:1 segregation analysis on kanamycin-containing medium.
Selection of PDH-AS Transgenic Lines with Decreased
At-PDH Levels
Twenty-seven transgenic lines transformed with the At-PDH cDNA in antisense orientation (referred as PDH-AS plants) were analyzed. Given that At-PDH protein level is very low under normal growth conditions ( Fig. 1A) , screening of the transgenic lines was performed 12 h after treatment with 100 mm Pro. Exogenous Pro is known to be a good inducer of At-PDH (Verbruggen et al., 1996; Nakashima et al., 1998) . Under induced conditions, the levels of the At-PDH protein were undetectable in most of the transgenic lines ( Fig. 3A ). Northern analysis under these conditions showed reduced levels of the At-PDH transcripts in all the transgenic lines when compared with the control plants ( Fig. 3B ). Three best lines (AS2, AS20, and AS23) were selected. Southern analysis of the selected PDH-AS transgenic lines showed a single integration of T-DNA transgene (Fig. 2 ) that correlated with the 3:1 segregation pattern on kanamycin. Verbruggen et al. (1996) . WT, Wild type; S, PDH-S lines; AS, PDH-AS lines; C, control plants. 
PDH Transgenic Plants Accumulate Altered Free Pro Levels in Seeds during Drought and Recovery from Stress
Previous studies on free Pro levels in Arabidopsis during development showed a significant increase in reproductive tissues (floret and seeds), whereas lower levels were found in vegetative tissues (Chiang and Dandekar, 1995; Savouré et al., 1995) . Free Pro contents in control, PDH-S, and PDH-AS seeds were 504 Ϯ 130.8, 266 Ϯ 20.6, and 820.5 Ϯ 196.3 g g Ϫ1 fresh weight, respectively (sd for 3-5 replicates). Altered Pro levels in PDH transgenic seeds had no impact on germination or further growth. During development, a 2-fold increase in PDH activity was measured in floral extracts of PDH-S plants, whereas PDH-AS plants showed a decrease of 25% in PDH activity (data not shown). Furthermore, Pro also accumulated in Arabidopsis in response to osmotic stress (Delauney and Verma, 1993) . A maximal 20fold increase in free Pro levels was recorded in Arabidopsis by applying 20% polyethylene glycol (PEG) 6000 for 24 h (Chiang and Dandekar, 1995; Verbruggen et al., 1996) .
We analyzed free Pro levels on 2-week-old plants exposed for 24 h to PEG-induced drought or 24 h after recovery from stress. Under unstressed conditions, no significant differences were observed in free Pro levels of control and PDH transgenic plants ( Fig.  4A ). After 24 h of stress, free Pro accumulated up to 20-fold in control and PDH-AS plants and only up to 10-fold in PDH-S plants. After 24 h of recovery from stress, the free Pro levels were still 50% reduced in PDH-S plants and weakly increased in PDH-AS plants (Fig. 4A ). Statistical analysis showed significant differences in free Pro levels between the control and PDH transgenic plants (Table I) . Each PDH-AS line accumulated significantly more free Pro than the control. Similarly, each PDH-S line accumulated sig-nificantly less free Pro than the control. A comparable trend of reduced Pro accumulation was observed in PDH-S plants when subjected to hyperosmotic stress induced by mannitol (500 mm), and this reduced level was maintained under recovery conditions ( Fig. 4B ). Despite significant changes in free 
Characterization of Plants with Modified At-PDH Levels
Pro, no phenotype was observed in PDH transgenic plants upon stress or recovery as a consequence of reduced free Pro levels during stress (data not shown).
Osmotolerance and Pro Catabolism in Control, PDH-S, and PDH-AS Plants
Tolerance to hyperosmotic stress was investigated in control and PDH transgenic plants by monitoring germination rates and subsequent growth in the presence of minimal mineral medium devoid of sugar and supplemented with NaCl. The addition of 100 mm NaCl or higher concentrations affected growth of control and PDH transgenic plants dramatically, based on survival rates after 2 weeks (Fig. 5 ). On 100 mm NaCl, Arabidopsis plants could adapt and complete their life cycle. When analyzed under these conditions, no significant differences in growth were observed in PDH transgenic plants when compared with the control plants. However, addition of exogenous Pro under these conditions showed dramatic effects on the growth of PDH transgenic plants. Scoring the germination efficiency of control and PDH transgenic plants after 2 weeks of sowing in the presence of NaCl (100 mm) supplemented with Pro (10 mm) revealed a hypersensitive response of PDH-AS plants (Fig. 5A ). On the other hand, under these conditions PDH-S plants had up to 30% better survival rates than control plants (Fig. 5B ). Interestingly, addition of Pro did not alleviate stress in control plants.
The efficiency of Pro catabolism in PDH transgenic plants was estimated by [ 14 C]Pro-labeling experiments, which showed reduced [ 14 C]Glu formation in PDH-AS plants (Fig. 5D ). Under stress (100 mm NaCl), reduced Pro oxidation was observed in the control plants, whereas enhanced conversion to Glu was observed in PDH-S plants (Fig. 5D ). Furthermore, Pro uptake rates were similar in PDH-S and control plants (data not shown). Thus, reduced or increased [ 14 C]Glu formation reflects the different oxidation rates of Pro in transgenic plants.
Exogenous Pro Induces Hypersensitivity in PDH-AS Plants
Pro toxicity was further investigated by sowing control and PDH transgenic seeds on minimal mineral medium devoid of sugar containing increased doses of exogenous l-Pro. PDH-AS plants were clearly hypersensitive to Pro and the phenotype severity was directly correlated with the concentration of exogenous Pro added to the medium (Fig. 6 ). Germination rates recorded after 1 week of growth on Pro were not significantly different in PDH transgenic and control plants. However, significant morphological changes were visible in PDH-AS plants after the emergence of cotyledons and further development was severely retarded. Microscopic analysis of these Pro-hypersensitive plants with Evans blue staining showed very few dead cells (data not shown). Almost all of the PDH-AS plants lost chlorophyll and continued to remain dormant for weeks. On the contrary, PDH-S plants did not exhibit a significant phenotype on Pro compared with the control plants. Estimation of free Pro levels in 1-weekold control, PDH-S, and PDH-AS plants after 22-h treatment with exogenous Pro (10 mm) were 410 Ϯ 19.51, 265.26 Ϯ 20.84, and 1,068.5 Ϯ 154 g g Ϫ1 fresh weight, respectively. Enhanced free Pro levels in PDH-AS plants were a consequence of reduced Pro catabolism.
Pro Analogs Induce Early Sensitivity in PDH-S Plants
Pro analogs, such as azetidine-2-carboxylic acid (2AZ) and trans-4-Hyp (HYP), resemble Pro with respect to M r , steric conformation, and charge. We tested the effect of HYP and 2AZ on the growth of PDH transgenic plants. PDH-S plants were more sensitive than the control plants ( Fig. 7A ). One week after germination on Pro analogs, the PDH-S and PDH-AS plants had lower and higher survival rates than control plants, respectively (data not shown). Further quantification of the phenotypes showed a reduction in fresh weight of up to 50% by PDH-S plants, whereas PDH-AS plants had 20% increased fresh weight when compared with the control plants grown under similar conditions (Fig. 7) . After 6 weeks of growth on 1 mm HYP, PDH-AS plants flowered and completed their life cycle, whereas the control plants were dead (data not shown).
DISCUSSION
Physiological Significance of Altered Pro Catabolism
To investigate the role of Pro catabolism in plants, transgenic Arabidopsis plants were engineered that overexpressed At-PDH in sense and antisense orien- Table I . Analysis of variance of free Pro levels between control plants (C), PDH-S lines (S8, S10, S14), and PDH-AS lines (AS2, AS20, AS23) in three treatments (control, 24 tation. Significantly modified free Pro levels were observed in PDH transgenics under conditions in which free Pro accumulates naturally. Previous studies have shown that during plant development, significant proportions of different amino acids accumulate in different tissues. The most notable changes were found for Pro, which constitutes 17% to 26% of the total free amino acid concentration in reproductive tissues (floret and seed) but only 1% to 3% of the total free amino acid concentration in vegetative tissues (rosette leaf and root; Chiang and Dandekar, 1995) . Pro catabolic rates were investigated through enzymatic measurements of PDH activity in different organs of Arabidopsis wildtype plants. Results showed that the PDH activity could be easily measured in reproductive tissues, such as flowers and siliques, but was very low in vegetative tissues (N. Verbruggen, unpublished results). Comparison of PDH activity in floral extracts of control and PDH transgenic plants showed an increase of up to 2-fold in PDH-S plants, whereas PDH-AS flowers exhibited a 25% decrease (data not shown). We quantified the free Pro content in PDH transgenic seeds in which the levels were reduced by 50% and increased by 60% in PDH-S and PDH-AS lines, respectively. These changes in free Pro levels of seeds did not alter germination or further development of PDH transgenic plants when compared with the control plants. Furthermore, isotope-labeling studies with [ 14 C]Pro reflected changes in Pro catabolism in PDH-S and PDH-AS plants that correlated with the altered free Pro levels observed under stress Figure 5 . In vitro grown At-PDH transgenic plants in the presence of NaCl. A, Growth on Murashige and Skoog minimal medium containing 100 mM NaCl ϩ 10 mM Pro (ϩNaClϩPRO); B, 100 mM NaCl (ϩNaCl). 1, control plants; 2, PDH-S line S10; 3 and 4, PDH-AS lines AS2 and AS23, respectively. Photographs were taken 2 weeks after germination. C, Percentage of survivors. Data represent average of five replicates with total of 75 to 100 seeds for control and 225 to 300 seeds for PDH transgenic plants. Transgenic control (white bars), PDH-S (gray bars; mean of lines S8, S10, and S14), and PDH-AS (black bars; mean of lines AS2, AS20, and AS23). D, Analysis of 2-week-old PDH transgenic plants by thin-layer chromatography. Experiments were done as described in "Materials and Methods". Incubation was performed for 4 h under normal and stress conditions.
Characterization of Plants with Modified At-PDH Levels conditions (Figs. 4 and 5). Interestingly, thin-layer chromatography analysis showed an absence of radiolabeled P5C in control and PDH-S plants. In accordance, previous studies by Wang (1968) and Stewart et al. (1977) have shown that Glu was the only visible compound to be radioactive in [ 14 C]Pro feeding experiments with wilted and turgid barley leaves. Similarly, study of the Pro-biosynthetic pathway with [ 14 C]Glu in tobacco (Nicotiana tabacum) plants showed the absence of radiolabeled P5C accumulation (Kishor et al., 1995) .
However, large modifications in transcript levels were observed despite less dramatic changes in free Pro levels. This suggests the existence of a second PDH gene or posttranslational modifications, which are known to occur in prokaryotes (Ostrovsky and Maloy, 1995) . Interestingly, the Arabidopsis genome contains an open reading frame that shares 84% identity with At-PDH at the protein level (gi 15240986, chromosome locus At5g38710; data not shown). Another interpretation for the moderate change in free Pro may be linked to compartmentalization. Free Pro accumulates mostly in the cytosol, which accounts for 5% of the cell size, whereas the At-PDH enzyme is localized in the mitochondria. Thus, availability of Pro for catabolism probably depends on transporters, which may be highly regulated.
Cause and Effect Relationship of Exogenous Pro and Pro Analogs
Despite the low modification of free Pro levels under normal conditions, PDH transgenics showed hypersensitive responses to Pro or Pro analogs (Figs.  6 and 7) . It is interesting that the PDH-AS phenotype on exogenous Pro resembles that of the reduced sugar response (rsr) and Pro hypersensitive (Pro HS) mutants (Hellmann et al., 2000) . However, the molecular mechanisms involved in the Pro-hypersensitive response might be different in rsr mutants and PDH-AS plants. Our data show that Pro catabolism is decreased in PDH-AS plants, whereas the rsr mutants exhibit a higher At-PDH expression, suggesting a higher Pro catabolism. Furthermore, unlike in rsr mutants, Pro hypersensitivity cannot be rescued by the addition of NaCl in PDH-AS plants (Fig.  5) . Unfortunately, the targets of Pro toxicity are unknown. Previous studies on amino acid inhibition have shown that high doses of all amino acids, except Gln, lead to toxicity resulting from imbalances in specific pathways or alteration in feedback mechanisms of other related amino acids (Bonner et al., 1996) . Because Pro breakdown is reduced or suppressed in PDH-AS plants, a toxic response is expected earlier than in the wild-type or control plants (Fig. 6) .
In PDH-S transgenic plants, addition of low concentrations of Pro analogs caused hypersensitivity in PDH-S plants earlier than in control plants (Fig. 7) . Moreover, Pro analogs seemed to induce At-PDH expression in control plants (data not shown), which could emphasize Pro catabolism, thus the ratio of Pro analogs/Pro in PDH-S plants.
Pro Accumulation during Stress: Its Relevance to Osmotolerance in Arabidopsis
No significant change in osmotolerance was observed in PDH transgenic plants (Fig. 5 ). Similar studies have been reported on carrot (Daucus carota) cell lines, which had no increased osmotolerance despite a 6-fold increase in free Pro levels (Maggio et al., 1997) . In contrast, other Arabidopsis transgenic PDH antisense lines, referred to as anti-ProDH plants by Nanjo et al. (1999a) , exhibited higher osmotolerance under very restricted conditions. Comparative studies of PDH-AS and anti-ProDH plants showed a similar proportion of free Pro accumulation under normal and stress conditions. During recovery after stress, one of the anti-ProDH lines accumulated approximately 6-fold more free Pro than the recovering control plants and further exhibited osmotolerance when treated with 600 mm NaCl for 30 min (Nanjo et al., 1999a) . We performed similar experiments on 2-week-old control and PDH transgenic plants treated with 500 mm NaCl for 30 min up to 12 h and recovery was monitored for several weeks. We did not observe any significant alteration in osmotoler- Figure 7 . Sensitivity of PDH-S transgenic plants in the presence of Pro analogs. A, Growth on HYP. 1, control plants; 2, 3, and 4, PDH-S lines S8, S10, and S14, respectively. B, Fresh weights. Transgenic control (white bars), PDH-S (gray bars; mean of lines S8, S10, and S14), and PDH-AS (black bars; mean of lines AS2, AS20, and AS23). Data represent average of 15 seedlings for each line. Photographs were taken 1 week after germination.
ance in PDH-AS plants when compared with the control plants (data not shown).
Addition of exogenous Pro during osmotic stress resulted in a marked increase in survival rates of PDH-S plants, but it did not ameliorate the osmotolerance of wild-type or control plants. Because Pro catabolism is suggested to be linked to respiration and ATP synthesis, we evaluated the respiratory rates of PDH-S plants under stress and in the presence of exogenous Pro by measuring O 2 consumption using a Clark electrode. No significant increase was recorded (data not shown). On the other hand, root respiration is a rather crude measurement as other stress responses can interfere and may involve O 2 consumption or O 2 production processes. Previous studies on Pro catabolism in rice (Oryza sativa) showed that increased amounts of P5C could induce osmoresponsive genes (Iyer and Caplan, 1998) . P5C levels may increase when P5C dehydrogenase is rate limiting. However, P5C accumulation does not seem to occur in PDH-S plants given that P5C accumulation is toxic (Hellmann et al., 2000) and that the PDH-S plants look healthy. In addition, thin-layer chromatography analysis showed no P5C accumulation (Fig. 5) .
Increased osmotolerance in spite of reduced free Pro has been reported previously in Arabidopsis mutants with photoautotrophic salt tolerance1 (pst1; Tsugane et al., 1999) and reduced salt sensitivity (rss; Werner and Finkelstein, 1995) . Under salt stress, 20% of the pst1 mutants show osmotolerance and accumulate 50% less free Pro under stress conditions (Tsugane et al., 1999) . Thus, Pro does not seem to play an important role in pst1 or rss osmoregulation. Similarly, exogenous Pro does not seem to be a good osmolyte in wild-type Arabidopsis and does not alleviate stress injury (Fig. 5; Hellmann et al., 2000) . Under these circumstances, the role of free Pro in Arabidopsis development and stress resistance is questionable. Previous reports on the role of free Pro in osmotic adjustment of Pro-overproducing transgenic tobacco plants that accumulated free Pro up to 20-fold more than control plants has been subject of controversy (Blum et al., 1996; Murthy and Tester, 1996; Sharp et al., 1996) . In fact, recent evidence favors the role of Pro as a protein constituent rather than an osmolyte in Arabidopsis. Pro-deficient Arabidopsis transgenic (TF3) plants, engineered to overexpress At-P5CS1 (encoding the rate-limiting enzyme in the Pro-biosynthetic pathway) in antisense orientation were morphologically affected and hypersensitive to osmotic stress (Nanjo et al., 1999b) . Deficiency in Pro synthesis also resulted in lower levels of Pro and HYP-rich proteins, which are important constituents of structural cell wall proteins and are probable candidates for mutated phenotypes in TF3 plants (Nanjo et al., 1999b) . These phenotypes were suppressed by addition of l-Pro, which suggests a function for Pro in morphogenesis as a major constituent of cell wall structural proteins in plants (Nanjo et al., 1999b) . Despite restoration of growth, the internal free Pro pool of TF3 plants was only 7% of that in control plants, thus questioning the role of free Pro accumulation in Arabidopsis wild-type/control plants.
Free Pro is suggested to play an important role in plant freezing tolerance, as revealed in eskimo (esk) mutants (Xin and Browse, 1998) . Arabidopsis esk1 mutants accumulate large amounts of free Pro (up to 30-fold), which account for 2% of total dry matter and are constitutively freezing tolerant. This increase in free Pro in esk1 mutants was due to its increased synthesis (Xin and Browse, 1998) . Furthermore, study of the expression pattern of genes involved in Pro metabolism support a role in development and osmoregulation (Hare and Cress, 1997) . In contrast to what has been proposed, the osmolyte function of Pro seems to be controversial in Arabidopsis. In addition to the work in this study, further modification of Pro catabolism should take account of the new predicted PDH isoform.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis ecotype Columbia was used in this study. Wild-type and transgenic seeds were grown in vitro on Murashige and Skoog mineral medium (Valvekens et al., 1988) or on minimal medium containing Murashige and Skoog salt, 0.5 g L Ϫ1 MES and 8 g L Ϫ1 plant tissue culture agar (LabM, Lancashire, UK) and grown in a growth chamber as described by Verbruggen et al. (1996) . Plants were also grown in soil and incubated under illumination of approximately 100 mol m Ϫ2 s Ϫ1 with a 16-h light/8-h dark photoperiod and 60% relative humidity at 22°C.
Construction of Recombinant Binary Vectors and Arabidopsis Transformation
The At-PDH cDNA, previously named At-POX (Verbruggen et al., 1996) , cloned at the EcoRI site of pBluescript KS plasmid (Stratagene, La Jolla, CA), was partially digested with ApoI. The 1.5-kb fragment obtained containing the full coding sequence was fused in sense and antisense orientation to the EcoRI site of the expression vector pBin19 (Bevan, 1984) . The expression of the At-PDH cDNA was driven by the cauliflower mosaic virus 35S promoter. Transgenic lines were generated by Agrobacterium tumefaciens-mediated transfer of the constructs into the Arabidopsis Columbia ecotype as described previously (Valvekens et al., 1988) . Control plants with the pBIN19 vector devoid of insert were also generated. The T1 transgenic seeds obtained were selected on medium supplemented with 50 mg L Ϫ1 kanamycin and checked for segregation. The kanamycin-resistant plants with a single copy were self-pollinated and the homozygous seeds obtained from the T2 and T3 generations were used for subsequent experiments.
Northern Analysis
Total RNA was prepared as described (Verwoerd et al., 1989) and analyzed by northern blotting. Twenty micrograms of total RNA was fractionated by electrophoresis on 1% agarose gel containing formaldehyde and blotted onto nylon filter (Hybond N; Amersham Biosciences, Little Chalfont, UK). The At-PDH cDNA riboprobe was labeled with digoxigenin-11-dUTP (Roche Diagnostics, Brussels) and hybridization was done according to the manufacturer's instructions. Northern blots were rehybridized with 18S rRNA as a control for loading. Signals were quantified with a phosphoimager (Amersham Biosciences).
C-Feeding Experiments and Thin-Layer Chromatography Analysis
Two-week-old plants were incubated for 3, 4, or 20 h in 0.5 mL of Murashige and Skoog medium containing a mixture of cold Pro (10 mm) and 1 Ci [ 14 C]Pro. For analysis by thin-layer chromatography, incubated samples were washed three times with water containing 5 mm Pro, rinsed, and briefly dried on tissue paper before being weighed, frozen in liquid N 2 , and stored at Ϫ20°C or extracted immediately in methanol-chloroform-water (12: 5:3, v/v) as described (Boggess et al., 1976) . Ascending thin-layer chromatography was done on MN300 cellulose sheets with butanol-pyridine-water (1:1:1, v/v) as solvent.
[ 14 C]Pro (Amersham Biosciences) and [ 14 C]Glu (Amersham Biosciences) were used as standards. Plates were dried in a fume-hood and analyzed on a phosphoimager (Amersham Biosciences).
Preparation of Mitochondria and Immunoblot Analysis
Crude mitochondria were prepared from 4-week-old plants grown under greenhouse conditions as described (Klein et al., 1999) . Protein (10 g) was separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Immobilon; Millipore, Bedford, MA) in 25 mm Tris, 192 mm Gly, and 20% (v/v) methanol. For immunological detection, rabbit anti-At-PDH antibody (dilution 1/2500) was used, followed by incubation with anti-rabbit IgG alkaline phosphatase (Roche Diagnostics). The immunoreactive protein was visualized by using nitro blue tetrazolium (Duchefa, Haarlem, The Netherlands) and 5-bromo-4-chloro-3-indolyl-phosphate (Sigma-Aldrich, St. Louis) as substrates. Western analysis on total extracts revealed a cross-reaction of anti-At-PDH antibody with a glycoprotein thioglucosidase at 64 kD (N. Verbruggen, unpublished data) that was absent in mitochondrial extracts.
Stress Treatment for Free Pro Analysis
Stress treatments with PEG and NaCl were done as previously described (Verbruggen et al., 1996) . Free Pro content was measured as described by Bates et al. (1973) using l-Pro as a standard.
Statistical Analysis
Statistical analysis on free Pro between control and PDH transgenic plants subjected to stress (PEG 6000) and recovery conditions was compared by ANOVA. Similar statistical analysis was done on fresh weight between control and PDH transgenic plants grown under normal and in presence of Pro analogs. Two-factor with replication ANOVA test was performed with a statistical program (Statistica; StatSoft, Inc., Tulsa, OK). The analysis represented control and three independent PDH-S (S8, S10, and S14) and PDH-AS (AS2, AS20, and AS20) lines.
